Summary: This study was carried out with a recently de veloped model of focal cerebral ischemia in the rat based on the photochemical induction of thrombotic stroke using the dye Rose BengaL We examined the change in the volume of the lesion and brain water content, in sepa rate groups of rats, at different times (1,4,24,72, and 168 h) after the induction of the ischemic lesion. The volume of ischemic damage increased rapidly between I and 24 h after the ischemic insult and decreased between 24 and
168 h. The lesion at 168 h was significantly larger than that following 1 h of ischemia and similar to that obtained at 4 h, suggesting that the maximum extent of tissue damage (without the involvement of significant edema) was reached within the first 4 h in this modeL The en largement of the lesion after 4 h correlated closely with changes in brain water content. Key Words: Ischemia Ischemic volume-Time-dependent changes-Water content.
measuring its volume at different time points. Fur thermore, in order to ascertain the affect of brain swelling on the size of the lesion, the water content of coronal slices containing the lesion was mea sured.
MATERIALS AND METHODS

Animal preparation
Male Sprague-Dawley rats (300-350 g) were used. An esthesia was induced with 3% halothane in oxygen and was maintained with I % halothane in oxygen, applied via a face mask. A small incision was made in the skin over the right femoral vein and a thin catheter was inserted. Via this catheter, I ml of Rose Bengal (in a concentration of 5 mg/ml of saline) was injected. A midline head inci sion was made and the right side of the skull was ex posed. An intense green light, which was produced by a xenon lamp (75W, Zeiss, FRO) and then passed through a filter (wavelength 570 nm Schott, Mainz, FRO) and a heat filter (Schott, Mainz, FRO) , was shone on the skull at the level of the bregma for 15 min. The diameter of the illu minated circle was 3 mm and was determined by passing the light through a fiber optic (Schott, Mainz, FRO) of this diameter while in close contact with the skulL It had been shown previously that the temperature of the skull underneath the fiber optic did not change during the time of illumination.
At the end of the induction period, the temporary cath eter was removed from the femoral vein which remained patent following the closure of the catheterization site with liquid suture (Histoacryl, Brown Melsungen, FRG) , and the incisions in the leg and head were sutured after liberal application of local anesthetic. The anesthetic gas mixture was discontinued and the rats were allowed to recover consciousness in a warm environment.
Preparation for histopathology
At 1, 4, 24, 72, and 168 h after the induction of the lesion, Evan's Blue (0.5 ml of I % solution) was injected. The rats (groups of 3-5 for each time point) were anes thetized with halothane, and perfusion-fixed with FAM (40% formaldehyde, glacial acetic acid, methanol 1:8:8 v/v) via a catheter inserted into the left ventricle of the heart. The heads were removed and immersed in FAM at 4°C overnight before the brains were removed and mailed to Glasgow. On arrival at the Department of Neuropa thology, the specimens were marked with Indian ink to ensure proper orientation during processing. After de taching the hindbrain by a horizontal cut through the midbrain, the cerebral hemispheres were cut into five co ronal sections, each 2 mm thick. The brain slices were embedded in paraffin wax, and sections 7-8 f.Lm thick were cut at a number of predetermined levels, stained by hematoxylin and eosin by a method combining cresyl vi olet and Luxol fast blue, Martius scarlet blue for platelet/ fibrin thrombi, a reticulin stain, and phosphotungstic acid hematoxylin for glial fibers, and the sections were exam ined by conventional light microscopy.
Measurement of ischemic volume
Groups of rats (6-10 in each) were decapitated 1,4,24, 72, and 168 h after the induction of the ischemic lesion. The brains were then rapidly removed and frozen in Frigen (Hoechst A.G., FRG) at -50°C. Coronal sections, 20 f.Lm thick, were cut in a cryostat at -20°C fixed in Heidenhain's Susa fixative and stained with cresyl violet. The lesion was sectioned serially and on average, 90 of these sections (3 from every 10 cut) were taken for the estimation of the ischemic volume. Preliminary experi ments had shown that this gave a volume that differed by less than 1 % from the value calculated using every sec tion. The "ischemic area" on each section was taken as being the clearly defined nonstaining area. This area was measured on each of the chosen sections using a com puter-assisted image analysis system (Stemmer, Munich, FRG) which uses an IBM-AT personal computer with 2 megabyte main storage and 20 megabyte hard disc com bined with a Newvicon camera (Grundig, FUrth, FRG) and color monitor (Barco, Belgium). This system is ca pable of resolving an image into a 512 x 512 pixel (8 bit) image with a 256 step optical density gradient. The de fined area of damage was measured using a mouse and pad from the image on the monitor which had previously been calibrated. The volume was then calculated by a linear trapezoidal extrapolation of the areas measured. The volume of the ipsilateral hemisphere containing the lesion was calculated in the same way.
Measurement of brain water content
In a separate series of experiments (6-8 rats per group), the rats were killed by decapitation at 1,4,24, 72, and 168 h after induction of the ischemic lesion. The brains were removed rapidly and placed on a cutting block with I mm gradations. Two cuts were made 1 mm or less anterior and posterior to the lesion, which was clearly discernable. The thick section so produced was then divided into left (nonlesioned) and right (lesioned) halves and placed in pre weighed vials, and the wet weights of tissue were carefully measured. The samples were frozen in liquid nitrogen and then left under vacuum (less than 0. 1 To rr) for 24 h. On removal from the freeze dryer, the vials were sealed to prevent rehydration, and reweighed to obtain the dry weight of tissue from which the water content (data presented as percentage of the wet weight) was calculated. A previous study using nine rats showed that the water content obtained by this method was 78.9 ± 0.2% as compared to 78.8 ± 0.3% (mean ± standard deviation) using an oven to dry the samples (unpublished data). The major advantage of the freeze-drying method is that it preserves the general ana tomical structure of the tissue, opening up possibilities for further structurally related measurements.
Data handling
The data obtained from the computer-assisted image analysis was expressed in two ways: (1) The "volume of lesion" expressed in microliters is the total volume of ischemic tissue as defined by the nonstaining areas on the sections chosen (see above). (b) The "relative volume of the ischemic lesion" is the volume of the lesion ex pressed as a percentage relative to the volume of hemi sphere containing the lesion. This was carried out in order to lessen variation in the measurement of damaged tissue due to differences in tissue processing which might, for example, lead to cell shrinkage.
Statistical analysis
All data are presented as mean ± standard deviation of the mean unless otherwise stated. Statistical differences between groups at different time points were calculated using analysis of variance by the method of Scheffe (\ 959) for inter-group analysis.
RESULTS
General observations
After the induction of the lesion, all rats recov ered consciousness within 10 min of being returned to their cages and began to drink and feed within the first 30 min. The rats were all carefully ob served for the first 2 h but no marked changes in behavior or movement could be discerned. Re covery was probably due to the relatively noninva sive nature of the lesion production, however, this experimental protocol also meant that no contin uous assessment of blood gases or blood pressure could be made.
Description of the lesion
Control animals treated with either Rose Bengal or light alone showed no evidence of damage. All specimens had undergone good tissue fixation be cause cytological artifacts such as "dark cell" and "hydropic cell" were not seen. At I h, a triangular area of ischemic necrosis could be seen which ex tended from the pia to the deep layers of the cortex without any involvement of white matter. The isch emic lesion had well-defined borders and was char-acterized by pallor of staining and finely vacuolated neuropil within which the neurones showed the classical appearances of ischemic cell change both with and without incrustation formation (Brown, 1977) . The pial vessels overlying the lesion were filled with blood and granular material in contrast to the vessels in the rest of the nonlesioned brain which were empty. At 4 h, the lesion looked similar to that at 1 h, a well-defined area of necrosis within which the majority of neurones displayed features of the ischemic cell process.
After 24 h, the triangular lesion could be identi fied as an early infarct because the walls of blood vessels had also undergone necrosis. The edges of the infarct, particularly at its pial surface, were in filtrated by a moderate number of neutrophils, some of which had extended into the lesion along the perivascular space of Virchow-Robin.
At 72 h, there was a marked infiltration of neu trophils. The periphery of the lesion consisted of large numbers of macrophages whose origin ap peared to be the pia mater, from surviving brain and from around viable blood vessels; mitoses in these cells were evident. At the margins of the le sion there was an early reactive astrocytosis but no significant mesodermal response insofar as there was no identifiable reticulin or collagen.
Seven days after the induction of the lesion, the infarct had undergone considerable change. The edges were now very well demarcated not only be cause of a gliomesodermal reaction but also be cause the periphery of the lesion had become cystic due to the removal of dead tissue by macrophages. Fine strands of reticulin, glial fibers, and thin walled blood vessels crossed the cystic spaces.
Changes in volume of ischemic damage with time
The amount of damage was determined in two ways: by the absolute volume of ischemic tissue, measured in microliters, and the relative ischemic volume in which the size of the lesion was mea sured relative to the volume of the hemisphere con taining the lesion. As can be seen from Ta ble I, the absolute volume of ischemic damage increased sig nificantly by 146% between 1 and 4 h. The volume of damage measured at 24, 72, and 168 h was also significantly different from that measured 1 h after the ischemic insult. Although the size of the lesion increased between 4 and 24 h and then decreased between 24, 72, and 168 h (Table 1) , these changes were not statistically significant from one another except for the comparison between the 24-and 168-h values. The coefficients of variation for the five time points were not significantly different from one another with values that lay betwen 22 and 32%. A similar pattern was found when the extent of the damage was calculated as a percentage of the volume of hemisphere containing the lesion (Ta ble 1).
Distribution of lesion with respect to light source
The light source used to initiate the photochemi cally induced lesion was positioned at bregma, as defined by the rat stereotaxic atlas of Paxinos and Watson, 1982 . The volume of damage was then di vided according to this position. As can be seen from Ta ble 2, at all time points measured it was found that most of the lesion (78-92%) lay anterior to bregma. This can be clearly discerned when the data from one time point, 24 h, is mapped as the area of damage occurring at different levels anterior and posterior to bregma (Fig. I) .
Changes in water content
The water content of the section of right hemi sphere containing the lesion was significantly in creased at 4, 24, and 72 h after the ischemic insult by 2.2, 3.6, and 2.4%, respectively, compared to sham-operated controls. There were no statistically significant changes at the I-h or 168-h time points Data are given as mean ± SD of the mean. " Statistical significance (p < 0.05) in comparison to the group of rats studied 1 h after the ischemic insult. b Statistical significance in comparison to the value obtained at 24 h. The position of bregma was determined using the rat stereotaxic atlas of Paxinos and Watson, 1982. 1. 1. GROME ET AL. Paxinos and Watson, 1982) at 24 h after the ischemic insult. The data are given as the area of the ischemic damage (mm2), as indentified on cresyl violet stained sections and measured using standard image analysis techniques, at six coronal stereotaxic planes anterior and poste rior ( -) of the bregma position (mm). Data are given as mean ± SD (n = 10).
( Table 3 ). When the brain water content was plotted against the volume of ischemic damage, a highly significant correlation was found (r = 0.9367) be tween these two parameters (Fig. 2) .
DISCUSSION
It is clear from previously published work (Watson et aI., 1985; Dietrich et aI., 1986a, b) that the use of the photosensitive dye Rose Bengal to produce a thrombotic lesion in the rat brain is a re producible model for studying the hemodynamic and metabolic consequences of focal cerebral isch emia. One of the main advantages of this method is that surgically it is relatively noninvasive, which means that long-term studies can be carried out with an almost 100% survival rate.
We have improved the original method (Watson et aI., 1985) by replacing the arc lamp irradiation system with a glass fiber optic. Its advantage is that is does not require an auxiliary fan, because changes in temperature at the tip of the fiber optic do not occur; furthermore it can be positioned stereotaxically anywhere on the surface of the skull. This adaptation has led to a flexible and re producible system of lesion production.
The advantages of this method are offset by the lack of an assessment of physiological parameters such as blood pressure and blood gases; clearly these parameters can have a profound effect on the progress of ischemic damage. However, the good recovery of the animals after the induction of the lesion, coupled with the similarities in the coeffi cients of variation of the lesion size would suggest that error due to physiological changes is evenly distributed among the groups.
The morphological changes and the time course of these changes following the induction of isch emia agree well with previously published data on ischemic damage (Brown, 1977, see Brierley and Graham, 1985 for review Osborne et aI., 1987) . The methods and the experimental protocols used in these studies vary greatly and a discussion of their advantages and disadvantages is beyond the scope of this paper.
In the present study, the size of the ischemic le sion was estimated in two ways: as an absolute volume (in mm3) and as a percent of the hemi spheric volume. The latter calculation was made to avoid loss of accuracy in describing the size of the lesion due to, for example, shrinkage of the brain tissue during processing. As can be seen, however, the data obtained gave virtually identical patterns: a steep rise in the measured volume from I to 24 h and then a decline from 24 to 168 h.
The lesion was not evenly distributed with re spect to the position of bregma. This is interesting because it suggests that either arteries passing through the illuminated region to perfuse the ante rior forebrain are blocked or that emboli formed in the photochemical reaction are carried by the blood flow to the anterior forebrain and have become trapped. Thus, the lesion is not restricted to the re gion of cortex underlying the illumination.
Edema is an important complicating factor in the pathogenesis of focal cerebral ischemia (O'Brien, 1979; Schuier and Hossmann, 1980; Gotoh et aI., 1985; see Hossmann, 1985 for review). The time course of edema formation and resolution in the present study agrees favorably with that of a pre vious study using a model of chronic middle cere bral artery occlusion in the rat (Gotoh et aI., 1985) .
The data presented here suggest that the changes in the volume of the damaged region is closely cor related to the changes in tissue water content. However, the tissue water content at 168 h returned to control levels and the volume of the lesion at this time was significantly larger than that at 1 h but not significantly different from that measured at 4 h. This suggests that the maximum volume of tissue damage seems to have been reached by approxi mately 4 h in this model. It is proposed that the changes in the volume of the lesion after 4 h are mainly due to the accumulation and resolution of edema in the damaged tissue. That is, whereas the major tissue damage occurs within the first hours after an ischemic insult, edema does not reach a maximum until much later.
It is always difficult to correlate experimental findings to the clinical experience, but it would seem, on the basis of this study, that from a thera peutic point of view, drugs designed to lessen post ischemic tissue damage or brain swelling may have to operate in two different time frames.
